Preserving the high source brightness of the third generation of synchrotron radiation facilities will require that thermal and pressure deformations of the monochromator crystals be maintained within a few arcseconds. Recent experiments at the National Synchrotron Light Source (NSLS) have demonstrated the potential of adaptive crystal optics to cope with high power densities. In this technique the crystals deformations are minimized both by an efficient water-jet cooling and by externally applied pressure loads. Thermal deformation can be reduced further with diamond crystals because of their high thermal conductivity and low coefficient of thermal expansion. In this paper we describe the results achieved by optimization of adaptive crystal optics for diamond crystals.
INTRODUCTION
A typical undulator beam of the third generation of synchrotron light sources will deposit highly concentrated heat flux at the first monochromator crystal. With power density exceeding 100 watt/mm2, and total power in a Kwatt range, the incident beam can result not only in unacceptably large thermal deformations, but also in crystal failure due to high thermal stresses. Several approaches are being pursued to solve this challenging problem. In one approach attention is focussed on improving the efficiency of cooling systems, e.g., by liquid gallium as the cooling medium1 , microchannel cooling2 , and cooling by jets3'4 . Another approach is to reduce the power density on the crystal by using an inclined geometry5'6 . Thermal deformations can also be reduced by using monochromator crystals with significantly higher thermal conductivity, e.g. silicon crystals at cryogenic temperatures7, or diamond crystals (natural Type ha, or synthetic)8. Adaptive optics techniques9"°, in which external pressure or bending moments are applied on the crystals to counteract the thermal deformations, have also been used with promising results.
A diamond crystal monochromator, designed to be cooled by an impinging water-jet and pressurized to adaptively correct for deformations, offers most of the advantages of different approaches mentioned above. In this paper we present analytical results that were obtained to optimize this design and to estimate the maximum slope errors.
DIAMOND TYPE Ila CRYSTAL MONOCHROMATOR
Diamond has the highest thermal conductivity of all known materials at room temperature. The thermal conductivity of high purity natural diamond, Type ha (less than 300 ppm nitrogen, and effectively free of other impurities) is typically 20 watts/cm/K at room temperature. It increases with decreasing temperatures, reaching a peak value of approximately 120 watts/cm/K at 70 K, a cryogenic temperature that can be achieved with liquid nitrogen (LN2) cooling system. Fig. 1 shows thermal conductivity values for diamond Type Iha and silicon" in the temperature range 70 to 400 K. The thermal conductivity of diamond is one order of magnitude higher than that of silicon in this temperature range. Furthermore, diamond exhibits only a gradual decrease in its thermal conductivity above room temperature. This ensures that run-away thermal condition, aprent address: Argonne National Laboratory, Argonne, Illinois, 60439. Thermal coefficient of expansion (a) for diamond is comparatively small. Fig. 2 compares a values for diamond and silicon". The figure of merit for thermal strains, k/ where k denotes thermal conductivity, for diamond Type ha is 20 x lO6watts/cm, compared to 0.6 x lO6watts/crn for silicon at room temperature. At cryogenic temperatures both material have practically zero thermal coefficient of expansion.
Diamond can also withstand high temperatures in an inert atmosphere without graphitization or loss of strength. Temperatures of up to 1800 K are achievable before these effects are detected'2. Consequently, high temperatures in localized regions, such as directly under the beam footprint, can be tolerated.
Additionally, diamond is one of the hardest materials having both high elastic moduli and a high fracture strength. The elastic moduli at room temperature, taken as averages of data reported in the literature'2"3, are The higher Young's modulus for diamond implies that the monochromator crystal would be less susceptible to deformations from external forces such as coolant pressure, vibration of drive mechanisms, and residual stresses due to fabrication. On the other hand, it also means that thermal stresses would be high since these are proportional to Young's modulus. However, because of its very high compressive strength, oj 8.6 x 1O3MPa, diamond is strong in resisting high thermal stresses. An important factor in comparing thermal resistance is the ratio o1/E11.a. At room temperature this ratio for diamond is two orders of magnitude higher than that for silicon.
Diamond Type ha crystals of sizes up to 10 mm in diameter and 1 mm in thickness are readily available from commercial sources14. Specifications on parallelism and surface roughness for highly polished faces are less than 5 minutes of arc and 400 A, respectively. Specific crystallographic orientations can be obtained within 3 degrees. Crystal edges may be metallized by RF sputtering for brazing to metallic substrates. The cost of a diamond Type ha crystal is not prohibitively expensive when compared to the total cost of a typical high power undulator beamline. This is due to the small footprint of an undulator beam which allows the use of a small crystal, typically no larger than 10 mm in diameter. A crystal thickness of less than 0.5 mm is sufficient as discussed later in this paper.
IMPINGING WATER-JET COOLING
When a crystal wafer is cooled from the reverse side of its reflecting surface, its bending deformations are practically independent of the efficiency of the cooling scheme. This is the case even if the beam profile ( assumed to be axisymmetric) is comparatively small resulting in a two dimensional heat transmission in the crystal9 . Nevertheless, an efficient cooling scheme is necessary in order to remove the heat from the crystal and to ensure that the maximum heat flux at the crystal-coolant interface is below the critical heat flux (CHF).
It is impractical to fabricate complex cooling channels or manifolds within diamond platelets due to size limitations and extreme hardness of diamond . Impinging circular water jets provide highly efficient cooling with simple hardware that can be accommodated in a restricted space. The heat transfer mechanism in impinging jets has been studied extensively in the literature15, so that reasonably good estimates can be made for Nusselt number and critical heat flux for a given crystal-jet configuration. In the present analysis we use equations developed by Liu, Lienhard and Lombara16 for the Nusselt numbers, and by Monde and Inoue17 for CHF values. A jet with a nozzle diameter of 3 mm is assumed to which water is fed at constant pressure from a thermostatic reservoir. The water velocity and, therefore, the Reynolds number (Re) at the jet depend on the height of the reservoir above the crystal. Different Reynolds numbers were used in the analyses to investigate the effect of cooling efficiency. Fig. 3 shows the schematic design of a water-jet cooled crystal monochromator. A diamond crystal (1) , its diameter between 6 to 10 mm and thickness between 0.1 to 1 mm, is brazed to a copper frame (2) . The diamond crystal is cooled by a water jet (3) which is placed co-axially within a connecting bar (4) holding the copper frame. The connecting bar is mounted on two cross-slides to provide high-precision angular adjustments to the diamond crystal with respect to the incident beam. This approach, that is using a connecting bar on cross-slides for precise angular motions, has been used successfully in some previous designs'8. Bellows (5) allow for relative motions of the crystal while isolating the beam tube (6) from ambient air. The beam tube with beryllium windows on both sides can be pressurized with helium for compensating the crystal deformations adaptively. 
SCHEMATIC DESIGN

ANALYTICAL RESULTS
A two-dimensional axisyrnmetrical model of the diamond crystal was developed using the ANSYS finite element program. The copper frame to which the crystal is brazed was not included in the model for simplicity. This precludes transfer of heat from the diamond crystal to the copper frame. Additionally, the crystal edge was allowed to expand and rotate freely relative to the copper frame (i.e., simply supported edge). Both of these approximations are conservative in the sense that the crystal temperatures and deformations are over-estimated.
The power profile projected on the crystal was assumed to be Gaussian with circular symmetry, and full-width half-maximum (FWHM) of 1 mm. A peak power density of 100 watts/mm2 was used resulting in a total incident power of 112 watts. Power absorbed in the crystal was calculated assuming an incident beam of 10 KeV. Thermal stresses in the diamond crystal are low due to both a small temperature rise and simply supported boundary conditions assumed at the crystal edge. Fig. 5(b) shows effective (von Mises) thermal stress contours which basically follow the pattern of temperature contours in Fig. 4(b) . The maximum stress is only 4.2 MPa for the radially unconstrained crystal. If the crystal is assumed to be radially constrained, the effective stress increases to 45 MPa. Even this higher value is, however, small compared to the fracture strength of diamond, approximately 10,000 MPa.
(c) Effect of Cooling Efficiency
Bending deformations in small diameter silicon crystals have been shown to be essentially independent of the cooling efficiency9 . As mentioned above, thermal curvature error in a diamond crystal is largely due to the thermal bump under the beam footprint. Since the temperature rise is directly related to the cooling efficiency, a closer look was taken on the relationship between the cooling efficiency and thermal curvature.
The cooling efficiency was varied by changing the Reynolds number of the water jet. Reynolds numbers of 5,000, 10,000, and 20,000 were used which are equivalent to water velocities of 1.59, 3.18 and 6.36 m/sec, respectively, for a jet of 3 mm nominal diameter. The corresponding film coefficients in the stagnation region of the jet16 are 0.027, 0.039 and 0.055 watts/mm2.K. Calculated values for the critical heat'7 flux are 8.7, 10.8 and 12.3 watts/mm2, respectively. Temperature rise at the boundary layer (not shown in Fig. 6 ) is also higher for thicker crystals. For 1 mm crystal the calculated values at the center of beam footprint are 50.7 K, 42.6 K and 31.1 K, respectively, for Reynolds numbers of 5,000, 10,000 and 20,000. Heat flux values across the boundary layer are 1.38, 1.64 and 1.69 watts/mm2.K for the three cases. These are considerably lower than the corresponding critical heat flux values given above.
Thermally induced curvature is plotted in Fig. 7 as a function of the crystal thickness. The curvature grows with increasing thickness and is essentially proportional to the absorbed power in the crystals. Curvature errors of less than an arc-second are obtained for crystal thickness of less than 0.5 mm. As shown in the figure, the thermal curvature is practically independent of Reynolds numbers, i.e. the cooling efficiency. Because of the high thermal conductivity of diamond Type Ila, a change in cooling efficiency results in a basically uniform temperature change across the thermal boundary layer and in the crystal. Thermal gradients in the crystal are, therefore, not changed appreciably. Since the thermal curvature is directly related to the thermal gradients, it also shows little variation with changing Reynolds numbers.
(d) Effect of Crystal Diameter
The cost of a diamond crystal rises exponentially with its size. The thermal performance of the crystal was, therefore, evaluated as a function of its diameter. The diameter of the crystal was varied from 6 to 10 mm while its thickness was kept constant, 0.5 mm. Reynolds number of 10,000 was assumed for the water-jet velocity. a, E a, decreases from 43.5 K to 23.8 K as the diameter increases from 6 mm to 10 mm. This decrease is due to the larger surface area of the boundary layer through which the absorbed heat flux is removed. The effect of increasing the crystal diameter is more prominent for smaller crystals since the absorbed power as well as the heat flux through the boundary layer are concentrated at the center. Crystal Diameter (mm) Fig. 8 . Maximum temperature rise versus crystal diameter (thickness = 0.5 mm).
In spite of a substantial reduction in the maximum temperature, the thermal curvature does not change appreciably with increasing crystal diameter. The curvature decreases from 0.92 arc-second for 6 mm crystal to 0.89 arc-second for 10 mm crystal. These results indicate no significant advantage in using larger crystals when considering only the thermal curvature errors. The size may be governed by other criteria such as the beam size, critical heat flux, surface strains from the boundary constraints, and space requirements for the water jet.
ADAPTIVE COMPENSATION FOR CRYSTAL DEFORMATIONS
The total force exerted by an impinging jet is equal to A1pv2, where A, is the jet area, p is the coolant density, and v is the jet velocity. A diamond crystal cooled by a water jet of 3 mm diameter and 3.18 rn/sec jet velocity (Re 10, 000) will experience a force of 0.007 Kg. Maximum pressure at the center of the jet impingement area will be 5 KPa. The jet pressure will cause significant crystal deformation which, for thinner crystals, may even exceed the thermal deformation. Maximum pressure and thermal deformations at the center of the crystal are compared in Fig. 9 for crystal thickness in the range 0.1 mm to 1.0 mm. As shown in the figure, for thickness of less than 0.2 mm, the deformation due to the jet pressure is more than a magnitude higher than that due to the absorbed power. The two deformations are comparable for crystal thickness of 0.35 mm. In the proposed design, both the pressure and thermal deformations in the crystals may be compensated by adaptively increasing the helium pressure in the monochromator chamber. The chamber is nominally pressurized to 101 KPa to balance the atmospheric pressure on the coolant side of the crystal. The success of this technique has been demonstrated previously for thin silicon crystals9. Crystal Thickness (mm) Fig. 9 . Maximum pressure and thermal deformations at the center of a diamond crystal (diameter = 8 mm). Only the jet pressure is considered for pressure deformation.
I. CONCLUSIONS
Analytical results discussed above verify the superior thermal performance of diamond Type ha crystal monochromators. Thermal curvature errors of less than one arc-second can be achieved with diamond crystals approximately 8 mm in diameter and less than 0.5 mm in thickness. Thinner crystals are shown to have better performance primarily because they absorb lesser amount of the incident power.
The conceptual design presented in the paper is based on a highly efficient impinging water jet cooling. Although the cooling efficiency has been demonstrated to have little effect on thermal curvature errors, it can be an important consideration at higher incident power because of the critical heat flux limitations. Impinging jet cooling is also amenable to simple and compact design for the crystal monochromator.
Pressure deformations in thin diamond crystals (less than 0.35 mmin thickness ) have been shown to be greater than the thermal deformations. Both pressure and thermal deformations can be adaptively corrected by pressurization of the monochromator chamber.
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